Abstract: Ethene-/-olefin copolymers having a wide range of comonomer contents with comonomers between 4 and 26 carbon atoms in length were characterized by wide angle X-ray scattering (WAXS). It was found that the crystallinities matched fairly well with the crystallinities from DSC and volumetric measurements. An increase of the crystal lattice size was found with increasing comonomer content and comonomer length. Both are attributed to the formation of defects around these short-chain branches in the crystal lattice, which widen it. Increasing the cooling time will lead to a more densely packed crystal structure, if the quenched structure is distorted, i.e. if the sample contains comonomer. A higher molar mass M w widens the average space between chains in the amorphous phase as well as the addition of comonomer. The latter finding is explained by the increasing number of chain ends introduced by the comonomer which increases the free volume in the sample because of the worse amorphous packing of the chain ends.
Introduction
The breakthrough of single-site catalysts [1, 2] in the late 1990s made it possible to synthesize materials with totally new properties. The high affinity of single-site catalysts towards higher olefins is used for producing ethene-/-olefin copolymers with a very high comonomer incorporation [3] and very long comonomers [4, 5] . Usually butene, hexene, or octene are used as comonomers, but also longer olefins were utilized in recent years as comonomers, although such copolymers are not commercially available yet [4] [5] [6] [7] [8] . Another advantage of the single-site catalysts are their tendency to produce samples with a very homogeneous comonomer incorporation, which is not given for materials synthesized with ZN-catalysts or via the high pressure process [9] [10] [11] . By choosing a proper single-site catalyst and synthesis conditions, it is also possible to adjust the molar mass to almost any desired level with a narrow molar mass distribution (M w /M n =2) [12] . This affinity of metallocene catalysts to incorporate longer -olefins easily also means that they are able to incorporate vinyl terminated chains, thus producing longchain branched materials [7, [12] [13] [14] [15] . Because of the higher probability of a chain termination upon incorporation of a longer -olefin the production of highly SCB LCBmPE proves difficult [16] .
Polyethylene is a semi-crystalline material, whose crystallinity depends on the molar mass [12, 17, 18] and the comonomer content [3, 10, 18] . Under normal conditions the maximum crystallinity is limited to about 0.8. Higher crystallinities are only obtainable under special conditions such as very long annealing or solution casting [19, 20] .
The intent of using comonomers is to change the crystallinity (and thus the optical and mechanical properties of the copolymer). Comonomers form so-called shortchain branches (SCB), when included into the chain, which are 2 carbons shorter than the comonomer. They lower the crystallinity, because they act as a distortion of the chain thus posing a hindrance to crystallization.
Piel et al. [8] reported that the use of hexacosene (C 26 H 54 ), however, increases the density of the copolymer distinctly, because of the crystallization of the long side chains. This results in a specific relaxation in the dynamic-mechanical analysis (DMTA) and an additional melting peak in the DSC.
The crystal structure of PE is orthorhombic with the space group Pnam. The lattices parameters for PE are reported to be a = 7.43 Å, b = 4.94 Å, and c = 2.55 Å [21] . c lies in the direction of the PE-chains and is equivalent to the length of one monomer unit (C 2 H 4 ).
The crystalline structure and thus the molecular processes occurring in PE and its copolymers are not only determined by the comonomer length and its content but also by the thermal preconditioning [19, 20, [22] [23] [24] .
The questions addressed in this article are whether there is an influence of the comonomer length on the lattice size. Also it is not very well known how the comonomer content and the molar mass exactly influence the lattice parameters. Besides that the question is unsolved whether there is an influence of the comonomer content and the molar mass on the average chain spacing in the amorphous phase.
The questions concerning the size of the crystallites are addressed in the companion article [25] .
Results

Comparison of the crystallinities from DSC, density measurements, and X-ray diffraction
The crystallinity x can be measured by three methods, relying on totally different physical principles. The most commonly used method is the differential scanning calorimetry DSC. It is based on the measurement of the melt or crystallization enthalpy. Another method is the density measurement, which is based on the closer packing of the crystal phase in comparison to the amorphous phase, resulting in a greater density of the former. For PE this method is also used very often, either using a density scale based on the Archimedes principle [40] (as used here) or using gradient columns. The third method is the integration of the traces of the amorphous and the crystalline phase detected by WAXS (see eq. (4)). However, this method requires the knowledge of the parameter K. It was found that K=1.4 gives a good agreement between x v and x x (cf. Fig. 1 Fig. 2 shows a comparison between the WAXS-traces of the quenched HDPE E10 and the quenched LLDPE Bu2. The intensity was normalized to the maximum of the 110-peak. The differences in crystallinity are obvious when looking at the size of the amorphous halo around 2θ=20° (cf. Fig. 2 
Influence of the Crystallization Kinetics and Comonomer Content and Type on the Lattice Parameters
Influence of Molar Mass M w and the Cooling Conditions for Non Branched Samples
One parameter influencing the lattice dimensions is the weight average molar mass M w (which strongly influences the rheological properties [27] and thus the chain mobility (and also long-chain branches [12, 16, 34, 41] )). For this purpose, several HDPEs (defined by the absence of sizable numbers of short-chain branches) -some slightly long-chain branched-were characterized. Fig. 3 shows the lattice parameters a and b as a function of molar mass M w for the HDPEs E1 to E13 for both the quenched and the slowly cooled samples of these materials. It turned out that no dependence on the molar mass M w exists for the samples with a molar mass M w above 3000 g/mol. Also the cooling conditions seem not to play a role, as the statistical scatter is larger than any effect caused by the thermal treatment. The same was found for b (not shown).
The absence of a strong dependence allows the approximation of the error of the experiment and its analysis. For the lattice parameters a and b (not shown) the standard deviation was found to be around 0.01Å. 
Influence of Short-Chain Branches
The dependence of the crystal lattice parameters on the comonomer content and the comonomer type was evaluated (Fig. 4) -the HDPEs discussed in Fig. 4 are selfevidently given in Fig. 4 with a comonomer content n c of 0 mol%. The parameter a clearly depends on the comonomer content and type, while a much weaker dependence was observed for the lattice parameter b. When adding 5 mol% octene, the parameter a increases by approximately 1.9%, while the parameter b only increases by 0.7%. To illustrate the size of the dependence the change given as a/a 0 and b/b 0 are plotted on the right y-axis of this plot. a 0 and b 0 are defined as the average lattice parameters found for the HDPEs.
Besides the influence of the comonomer content, also a strong dependence of the comonomer type for long comonomers is observed for the lattice parameter a. The differences between the ethene-/butene-copolymers and ethene-/dodecenecopolymers are not significant. However, the incorporation of the even longer comonomers octadecene and hexacosene leads to a further increase of the lattice parameter a. The widening of the lattice by the incorporation of hexacosene in the chain is almost doubled in comparison to the shorter comonomers. The findings for the shorter comonomer agree with the findings presented elsewhere [42] . However, the findings for the ethene-/-olefin copolymer with very long side-chains is new, as a synthesis of copolymers with these longer comonomers has only been achieved recently [4] . Because of the small size of the lattice parameter c (one monomer unit) and the inobservability of any sizable peaks with c involved, this parameter cannot be discussed. In case of the almost amorphous sample Oc13q (x≈13%) the crystalline peaks are very small and broad (see Fig. 5 ).
Therefore, these data points are presented in brackets (only Fig. 4a ). The samples Bu1 and Oc3, which have a bimodal comonomer distribution, do not agree to the other samples very well. Especially the lattice parameter a of Bu1 and Oc3 is distinctly lower than would be expected from n c . The increase of the lattice parameters a and b by the introduction of comonomers means that the packing density of the crystallites is decreased [42] . The dependence of the comonomer content (which influences a on the first place) on the effect of the thermal treatment on the lattice parameter a can be explained by considering the source of the widening of the lattice. The short-chain branches act as a distortion, hence, when properly aligned, the distortion of the crystallites is reduced. As this alignment requires motions of the chain (e.g. reptation [43] ), whose magnitude is quite large, this minimization requires some time, which is not available during quenching. For this reason, the unexploited potential for the minimization of the chain distortion, which is expressed by the difference between a q and a sc , increases with comonomer content.
When assuming that the free volume in the crystallites (the packing errors and the empty space between the chains in the crystal) does not depend on the comonomer content (i.e. that the increase of the lattice parameters is due to the fact that the additional short-chain branches are somehow included into the lattice), the following thought experiment can be conducted. The addition of 5 mol% octene leads to an increase of a by approximately 1.9% and of b by approximately 0.7%. Under the assumption that c is not changed the lattice is widened by a total of 2.6%. Hence, on the average 2.6% more volume is present in the lattice (in comparison to the crystal lattice of a linear sample). As we assumed the free volume to be constant, 2.6% more atoms are present in the lattice, which is equivalent to 3.47 weight% (wt.%) of octane (2.6 wt% of short-chain branches are present. But actually not w c but s c had to be used, which is about 75% of w c in case of octene.) or according to
approximately 0.9 mol% octene [16] .
This assumption is definitely not true for the amorphous regime as the peak of the amorphous scatter shows a clear dependence on the comonomer content, which will be discussed later on. As the assumption above certainly does not reflect the physical reality, i.e. some free volume is added because of the distortions in the main chain (short-chain branches), the value of 0.9 mol% octene can be regarded as the upper limit for the amorphous comonomer incorporation into the regular crystal lattice (without any side chain crystallization). Thus no more than 20% of the octene being in the (hypothetical 5 mol% octene) copolymer is actually included in the crystallites on the average.
As stated above, the assumption of a constant free volume is not true for sure, as the chain end of the short-chain branch will certainly require more space than a normal inner chain segment. For this reason, the comonomers can be assumed to be included in the lamella only to a very small extent and, if so, mostly as packing errors. The finding, that the longer comonomers have a stronger effect on the widening of the crystal lattice than the smaller ones, supports this, as a longer short-chain branch is a larger packing error, thus leading to a more pronounced widening.
The most likely position of these packing errors is close to the lamella boundary, i.e. a chain segment with a short-chain branch terminates the crystallization for this chain, which is the background of the decrease of the lamella thickness with increasing comonomer content (see the companion article [25] ).
Influence of the molecular structure on the amorphous scattering halo
In the discussions so far the crystalline structure was discussed in detail. But also the amorphous scatter is (rather lightly) influenced by the comonomer content and the molar mass. Therefore, the existence of this effect is shown for the samples E7q (x≈65%) and Oc13q (x≈13%) in Fig. 5 (intensities normalized to approximately same amorphous scattering maxima). The first obvious difference is the difference in the crystal peaks, which are almost absent for Oc13q (showing the problems in determining the lattice parameters for this sample).
For the discussions the amorphous scatter is treated like a very broad crystalline peak with the peak representing the most likely distance between two chains in the amorphous phase. This average d-spacing is defined by the maximum of the amorphous halo (cf. Fig. 5 ). It can be seen that the amorphous scattering of the almost amorphous sample is somewhat narrower (around the "peak") than in the highly crystalline HDPE-sample. This is an effect, which can possibly be attributed to the presence of an interfacial structure in the HDPE, which is very important in the dynamic-mechanical behavior [22] . The small shoulder between the 110-peak and the amorphous scatter peak may be caused by such an interfacial structure.
The most important point, however, is that the peak of the amorphous scattering is different. Although this effect is small, it is obvious from Fig. 5 that it is actually present. The partial overlap of the amorphous peak and the 110-reflex makes the determination of the peak angle very complicated if the crystallinity is very high, which means that the ratio of the area of the crystalline peak to the amorphous scatter becomes very high. 14 
Influence of the Molar Mass on the d-Spacing of the Amorphous Phase
Fig . 6 shows the dependence of the amorphous d-spacing for the HDPEs. It was found that the chain spacing increases with molar mass. This can be explained by the higher relaxation times of the higher molecular samples -when disregarding the long-chain branches of the high molecular samples (which lengthen the characteristic relaxation times even further) -a factor of 1.2310 9 is found between the characteristic relaxation time  of the sample with the lowest and the highest molecular weight (E1: M w =6.5 kg/mol, E13: M w =1150 kg/mol) [27] . Thus, the chains of the lowest molecular sample can find the optimum structure much faster than the high molecular sample. If we assume a temperature of 120 °C and an activation energy E a =27 kJ/mol, the value of E a of linear mHDPE [38] , to shift the characteristic relaxation time from 150 °C to 120 °C (the typical crystallization temperature),  is found to be approximately 2.5 minutes for E13 [27] under the assumption that the sample does not contain any long-chain branches. As E13 is long-chain branched, the characteristic relaxation time is increased further.
As the samples were stored at room temperature prior to the measurement for several days (and the glass transition temperature is well below room temperature) [17, 22, 44, 45] , the samples had sufficient time to compensate for the differences in the amorphous phase caused the cooling conditions, thus the differences between the quenched and slowly cooled samples can be regarded negligible. 
Influence of Comonomer on the Amorphous d-Spacing
The comonomer content increases the d-spacing in the amorphous phase which means that the addition of comonomer increases the free volume. Unlike observed for the HDPEs in the case of the copolymers, the cooling method has a small effect on the d-spacing. This can be explained by the presence of the short-chain branches which are, as discussed before, primarily located in the amorphous phase. As shortchain branches are short but numerous, they add a lot of chain ends thus increasing the average d-spacing and, with these "packing" errors being very localized, minimizing their effect on the d-spacing requires much larger scale motions than in non SCB-samples. As stated before, the chain mobility is molar mass and long-chain branching dependent and the fact that it requires larger scale motions for short-chain branches to find their least disturbing position accounts for a moderate molar mass dependence as well. 
Discussion
For quenched HDPE it was found that the lattice parameters a or b do not show any distinct dependence on the molar mass M w (and the rheological behavior), which means that the crystal packing process (in quenching, i.e. the crystallization has to take place within the fraction of a second) must take place in a fashion that the chain mobility does not play a role.
The other interesting point to discuss is the comonomer length dependence of the crystal lattice. It is obvious that a branch of 6 carbons (octene) requires more space than a branch of only 2 carbons (butene), however, the question is how large this increased space requirement is.
In the regular crystal structure of PE the closest spacing between two chains is approximately 4.5Å, which is a little less than two monomer lengths. This explains in part the comonomer length dependence of the lattice parameter a. As buteneLLDPEs only have SCB of 2 C in length, i.e. one ethene monomer unit, they are not long enough to directly reach the next chain and thus have a smaller effect on the crystal structure than the comonomers hexene, octene, and dodecene. The butylSCBs or longer (formed by the incorporation of hexene or longer comonomers) ones than the mentioned 4.5Å thus potentially are able to reach the next chain, which means that their impact on the crystal structure is much larger than that of butene.
One part of the question what happens to those longer side chains was already answered by Piel et al. [8] by finding a weak crystallization of the tetracosene branches (C24) from the hexacosene comonomer. The question remains, however, where this crystallization is taking place. It might be either an intralamellar or a lamella boundary crystallization. Piel et al. [8] reported that this crystallization accounts for an additional mechanical transition around +45 °C, which roughly coincides with the additional melting peak in DSC, i.e. this transition is the side-chain crystallite melting temperature. These samples are currently under investigation by the group of Gedde (Stockholm) by microscopic techniques to further elucidate this question.
Based on these findings that none of the samples with a random comonomer distribution, i.e. mLLDPE, lie distinctly above the critical lamella thickness l c max (see the companion article [25] ) it is clearly evident that such a short-chain branch will prevent the further crystallization in the c-direction, i.e. it will form a lamella boundary [25] . Hence, the concentration of the side chains at the crystallite boundary is distinctly enlarged, which leads to a less perfect packing of the crystallites near the boundary. This can be understood as a consequence of the side chains being so much crowded that they hinder the perfect crystal packing, thus widening the lattice spacing. It is also possible that very few side chains are included in crystal interface, which will stop the crystal thickness growth, but are actually included in the interface as packing errors, thus also distinctly widening the crystal lattice.
The weak crystallization of hexacosene-and octadecene-LLDPEs, therefore, most likely takes place in the proximity of the lamella boundary, forming an additional highly distorted crystalline layer around the crystallites. The sample Hc4, at which this effect is found in the most pronounced fashion, has a distinctly asymmetric long period peak with the tail reaching towards higher refraction angles (see the companion article [25] ). This tail corresponds to larger variations in the lamellar thickness and thus to a larger variety in long periods. This effect is concluded to be caused by the partial crystallization of the hexacosene chains.
The interesting (and new) finding is that the lattice is widened by long comonomers (octadecene and hexacosene) much more than by the shorter comonomers (shorter than dodecene). This can be explained by the larger size of these long side chains leading to a larger sterical obstruction, creating larger packing errors in the crystal boundary (and possibly a larger crowding of the side chains).
The dependence of the lattice size on the cooling rate can be explained by two processes. The first one, obviously, is that the packing of the crystal lamellae is time dependent. Thus, when quenching the sample, the best possible packing cannot be achieved. This depends on the chain mobility which is dominated by the viscosity at very low shear rates close to the zero shear-rate viscosity  0 . The zero shear-rate viscosity  0 is proportional to the weight-average molar mass M w for linear molecules [27] , while this relation is usually not fulfilled for long-chain branched samples [12, 33, 37, 41] . The strong effect of the rheological behavior has been shown for example by Piel et al. [12] for the crystallinity of HDPE with molar masses M w between 3,000 g/mol and 1,200,000 g/mol varying between 80% and 50% for a relatively fast cooling rate of the DSC of 20 K/min. As a sizable change in the lattice dimension was only found for the short-chain branched samples, the packing in case of HDPE is so fast, that it is not influenced by the cooling rates used here. This is a consequence of the high mobility of the chains.
The optimum packing requires the chains to be free of any distortions, which implies that either the SCBs are pushed out of the evolving lamella or that the lamella crystallizes around them. Both processes require some time, which is limited when quenching the sample. During this time the chains either have to align the short-chain branches, to minimize the effectiveness of the chain distortions, which means that larger chain segments have to move during the crystallization of SCB-PE than for HDPE, which leads to slower, molar mass dependent movements of the chains. These findings are in agreement with different literature data [21, [46] [47] [48] .
The samples Bu1 and Oc3, which have a distinctly bimodal comonomer distribution, possess predominantly HDPE-like crystallite lattices -concluded from plot of the lattice parameter a as a function of the comonomer content n c . This is due to the copolymer most likely being made up of a reactor blend of an HDPE and an LLDPE with a rather low crystallinity (otherwise bimodal peaks would be obvious), which phase-separates and thus forms HDPE-like crystals.
The increase of the average d-spacing with increasing molar mass M w is caused by the lengthening of the relaxation time, thus, the chains need much longer to properly arrange themselves in a way that the free volume is minimized.
The difference in the d-spacing between the sample E1 with a molar mass M w of 6.5 kg/mol and E13 (M w = 1150 kg/mol) is about 2.5 %. As the C-C-bond length is unaffected, this is only a two dimensional problem. Therefore, the sample E13 contains about 5% more free volume than the sample E1 which is caused by the inferior chain mobility. From a molecular point of view there is a second trend countering the chain mobility; the chain ends will act as packing distortions and thus introduce free volume. The sample E1 contains 0.9% chain ends, while E13 contains only 0.01% chain ends, i.e. only 1/90 th of the chain end concentration of E1. According to the effect of comomoner on the amorphous d-spacing (Fig. 7) this should account for an increase of the amorphous d-spacing of E1 of approximately 0.5 to 0.7% in comparison to E13. Therefore, the 2.5% increase of the amorphous dspacing by the chain mobility is rather an increase by ≈3.0%.
The introduction of short-chain branches leads to a distinct increase of the d-spacing of the amorphous halo. When introducing comonomer, the amorphous d-spacing increased by up to 4%, which means that up to 8.2% of additional free volume, is introduced in the chains [21, 49] . The effect of the introduction of free volume, however, contains two components. When assuming that the first few atoms of the side chain are stretched, the first 3 atoms of the SCB are closer to the chain than the average amorphous d-spacing, i.e. these atoms lower the amorphous d-spacing, but make the chain stiffer at the same time [29] , while the other atoms account for an increase of this quantity. The next point, which has to be considered, is that there is additional free volume around the SCB-end, which increases average chain spacing. This is the reason why an increase of the amorphous d-spacing is found for Bu2 at all as the ethyl-SCBs are shorter than the 3 atoms mentioned before. Therefore, the apparent decrease of the free volume by the first few C in the SCB is compensated by the end of the SCB requiring even more space, thus effectively increasing the free volume.
Conclusions
The crystal packing (i.e. the lattice parameters a or b) of HDPE is unaffected by the thermal conditioning and thus take place in such a fast fashion that the chain mobility does not play a substantial role. In the LLDPEs the lattice is widened distinctly. For long comonomers this effect is stronger than for shorter ones. The fact that influence of the thermal history on the lattice parameters a and b grows with increasing comonomer content is a strong indicator that larger scale motions are required when short-chain branched chains crystallize. These large scale motions are caused by the tendency of the branched chains to push out the non-crystallizable chain segments around the short-chain branches.
The amorphous halo exhibits a molar mass dependence for HDPE. In LLDPE an increase of the comonomer content is leading to a higher d-spacing in the amorphous phase, which is caused by the additional free volume introduced by the SCBs.
The findings presented here confirm many findings obtained previously for metallocene catalyzed PE with "short" short-chain branches (octene or shorter), while expanding the knowledge towards longer comonomers. The inhomogeneous distribution of the short-chain branches in ZN-PE and LDPE makes the assessment of these systems much more complex and thus the results of the crystal structures obtained for ZN-PE and LDPE can only be partially transferred to metallocene catalyzed PE. The correlations established for mPE also, theoretically, allow estimating the local comonomer concentrations in systems with inhomogeneous comonomer distributions.
Experimental
Samples
The samples presented here were of different origin. They are named according to the comonomer (or E in case of a HDPE) and a consecutive number, which is determined by the comonomer content and -if the comonomer content is identicalmolar mass M w (in both cases the consecutive number increases with the increasing quantity).
Several were commercial products used before for DMTA-measurements [22, 26] . Many others were synthesized by Piel et al. [8] . Several mHDPEs with different molar masses were also measured whose synthesis, molecular and rheological characterization was published elsewhere [12] . The sample E7 (cf. Tab. 1) was a blend of the linear mHDPE C3 [27] and the long-chain branched mHDPE D5 described elsewhere [12, 28] . Additionally, several other samples were used [29] , most of which were synthesized by C. Piel in a similar fashion as the samples described in [8] . The molar mass M w are given in Tab. 1 as well as the volumetric x v , calorimetric x c , and the X-ray crystallinity x x , and the comonomer content. Also the viscosity at a low shear rate  l =|*(ω   = 0.01 s -1 )| at 150 °C was considered, as it influences the crystallization process due to the local chain mobility, which is measured as the viscosity. An in-depth description of the methods used for shear rheological measurements was given elsewhere [30, 31] . The samples with a viscosity  l > 50,000 Pas (at 150 °C) were considered to be highly viscous and are written in italic letters in Tab. 1.
Two different thermal histories were applied. The hot pressing temperature was always 180 °C. The quenched samples (marked by q) were immersed into ice water (in the mold with PI-films for separation), thus leading to a cooling time to 30 °C of 2-4s. The slowly-cooled samples were cooled down from the melt at a very slow speed by switching off the heater leading to a cooling time around 4 h to reach a temperature of 40 °C. 
X-Ray Diffraction
X-Ray diffraction experiments were carried out by a MiroMax007 diffractometer (Rigaku Denki Co. Ltd.) operated at 40 kV and 20 mA. CuK  X-ray beams monochromatized with a confocal mirror were shone onto the specimen through a pinhole collimator of 0.2 mm in diameter. The imaging plate R-AXIS IV ++ system was utilized as an X-ray detector at a camera length of 150 mm in the WAXS-mode (cf. Fig. 2 ). All measurements were conducted at room temperature (25 ±2 °C).
The two dimensional scattering data was transformed into a one dimensional spectrum with a resolution 2θ of 0.01° using the software Rigaku R-AXIS VI.18 for 0°<2θ<44.7° in the WAXS mode and 0°<2θ <23° in the SAXS mode. As the first step a baseline was fitted to the resulting spectrum, followed by an FFT-filter to eliminate the background noise. After that the WAXS-data between 2 θ = 12° and 27° was fitted with a 4 mode Lorentz-type equation 
where A is the area of the peak, 2 θ i p -the peak angle, I 0 -the height of the baseline and w i -half-width of the respective peak. Two of the modes were attributed to the 110-and the 200-reflection, respectively. The other modes were fitted to the amorphous scattering and of course much broader.
An example of such a fit with a correlation parameter R² = 0.99978 is shown in Fig. 8 . The deviations between the peak maxima and the fitted peak maxima were found to be below 0.05° (equivalent to ≈0.1Å), which is a good evidence that this deconvolution is leading to reliable values. Only fitting the very low crystalline sample Oc13 proved to be very much error afflicted. Thus the WAXS-data of Oc13 are not included in all the figures.
The resulting lattice parameters were cross-checked with the smaller peaks at 2θ > 27° to ensure that the deconvoluted lattice parameters are correct. , and K is a parameter correcting the signal intensity of the amorphous phase to the crystalline phase [39] . This was necessary because the density and thus the electron density (responsible for the scattering) of the crystalline phase is higher than the one of the amorphous phase, which leads to differences in the scattering intensities.
This method, however, proved to be unreliable for samples with a high crystallinity because the baseline of the fit was shifted to values below 0 for many samples, i.e. I 0 was found to be distinctly below 0 for many samples (especially those with high crystallinities). This error was corrected by deducting the rectangle between I 0 and 0 from the total area of the peak (corrected to account for the difference between the "foot" of the Lorentz-peak and the rectangle)   
where 2θ is the fitting range of the peak.
Determination of Lattice Parameters
The peaks in the WAXS-spectra were converted into the d-spacings by the Braggequation. The lattice parameter a was determined from the 200-reflex being located around 2θ=23.7°. The lattice parameter b was then determined from the position of the 110-reflex and the lattice parameter a.
